Organic-inorganic hybrid photovoltaics are beginning to show significant promise as a low cost highly efficient route towards renewable energy generation. Of the hybrid architectures available, carbon nanotube incorporated organic photovoltaics is considered to be among the most promising. Herein, the optical and electronic effects of localizing multiwalled carbon nanotubes in the donor polymer compared to incorporation in the bulk heterojunction architecture (triple heterojunction scheme) is compared through photoluminescence quenching and dark diode characteristics analysis. A significant improvement in photoluminescence quenching is observed when the nanotubes are localized in the donor polymer where the active 2 layer is formed through sequential deposition route in comparison to the triple heterojunction scheme. However, the latter architecture also leads to a higher architecture due to the introduction trap states as observed through space charge limited conduction analysis. In
2 layer is formed through sequential deposition route in comparison to the triple heterojunction scheme. However, the latter architecture also leads to a higher architecture due to the introduction trap states as observed through space charge limited conduction analysis. In comparison, the triple heterojunction scheme shows a lower dark current and hence a significantly improved photovoltaic device performance. This indicates that the formation of the triple heterojunction is the more ideal scheme for improving device performances in organicinorganic hybrid architectures.
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Organic photovoltaics (OPVs) based on exciton generating polymers and an electron accepting molecule system has been gaining significant attention as a route towards low cost, printable photovoltaics over large areas on flexible substrates. 1 The low charge carrier mobilities of organic materials 2 have led to the requirement for thin active layer films which in turn limits the light absorption, with the low dielectric constant of organics leading to poor exciton dissociation in the active layer which affects the free charge carrier generation. Such bottlenecks have led to investigations in to the addition of a tertiary component to the existing system to act as efficient exciton dissociation centres 3 and charge conduction pathways in the active layers. 4 Among the many tertiary components investigated, carbon nanotubes, with its high electron mobilities are considered to be an extremely promising route towards enhancing the conductivity of such organic systems. The performance of nanotubes incorporated OPVs is dependent on the device architecture exploited. In the third generation photovoltaic systems, the bulkheterojunction (BHJ) 5 device architecture was developed to overcome issues which led to poor performance of bi-layer 6 devices such as low exciton diffusion length of polymers (~ 10 nm) 7 , poor exciton dissociation and the absence of a percolated network required for charge transport. However, the device fabrication architectures for OPVs with well known polymerfullerene based donor-acceptor (D-A) material composition have recently been re-considered.
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Although repeated results have shown BHJ is an efficient route to light harvesting, 9 it has also been shown that surface morphologies similar to BHJ can be achieved through sequential deposition of D and A layers giving almost equivalent PCE values. 8a, 8c Furthermore, carbon nanotubes in the presence of conjugated polymers such as polythiophenes are known to act as hole transporters. 10 Hence, it is intriguing to investigate the effects of segregating nanotubes 4 completely in the donor phase in order to adopt these findings to obtain information on novel organic-carbon nanotube hybrid photovoltaic systems.
In this study, we present a direct comparison of the device performance of acid functionalized multiwall carbon nanotubes (O-MWCNT) incorporated poly(3-hexylthiophene) (P3HT) and [6, 6 ]-phenyl C 61 -butyric acid methyl ester (C 60 -PCBM) composites which were fabricated from conventional BHJ structure and bi-layer structures. Bi-layer devices were fabricated from sequentially deposited (SD) D and A layer stacks.
In SD thin film preparation, there is an inherent difficulty associated with spin-coating of sequential layers since most conjugated organic molecules are soluble in similar solvents used for the deposition of the second layer. 11 It has been demonstrated that there exist a set of solvents (orthogonal solvents) that allows sequential spin coating of polymer and fullerene layers to produce the necessary D and A two layers. As the use of common solvents such as 1,2 dicholorobenzene (DCB) for the D and A phases leads to the dissolution of the first spin coated layer, orthogonal solvents are used to avoid/minimize the re-dissolution of the first deposited underlying layer. For P3HT/PCBM devices, it is found that the organic solvents dichloromethane (DCM) and DCB meet this requirement. 11 PCBM is sufficiently soluble in DCM while P3HT is sparingly soluble in DCM allowing the possibility of spin coating PCBM layers on top of P3HT with minimum re-dissolution of the P3HT underlayer during the spin coating process.
Results and Discussion
One possible route towards observing efficient exciton dissociation and charge transfer occurring at the D/A interface in the thin film heterojunction is through photoluminescence (PL)
quenching. However, it should be noted that quenching of PL can also represent non-radiative recombination. Therefore, in OPVs PL quenching should be correlated with changes in the short circuit current density (J sc ) values.
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The PL spectra of O-MWCNTs incorporated BHJ and SD thin films compared to the reference (P3HT and PCBM) are depicted in figure 1. From figure 1, it can be observed that the pure P3HT film shows an intense PL emission peak at 650 nm due to radiative recombination as a result of electron transitions between LUMO and HOMO energy levels of P3HT with the peak at 712 nm being due to the radiative transitions between vibronic states of P3HT. 13 Upon addition of PCBM, a PL quenching is observed in both BHJ and SD thin films and a further quenching is observed for O-MWCNTs incorporated thin films (both BHJ and SD). In our previous work 3 , it has been shown that the addition of OMWCNTs in to the BHJ system led to the formation of additional exciton dissociation centers, which is responsible for improved charge generation. This claim is supported with higher J sc achieved from those devices and this improved current is consistent with the drastic PL quenching and subsequent increase of external quantum efficiency of the devices.
The PL quenching of SD devices is higher in comparison to the BHJ counterparts. In order to investigate photovoltaic device performance of SD films; especially the effect of PL quenching on the sc J , SD OPV devices were fabricated and characterized. alternate current path to charge carrier recombination. As the PL signal is significantly quenched in the SD system, the relatively poorer sc J indicates non-radiative recombinations occurring in the SD devices. In the non-radiative recombination process, the energy of the exciton is likely to be transferred to vibrations (phonons). To transfer all of the absorbed energy in one step, a vibration with very large amplitude must be generated which is highly unlikely in OPVs. Hence, the non-radiative process is much more likely to occur by energy transfer through a continuum of intermediate states. According to the inset of figure 3 , it can be observed that in the low voltage region, the carrier conduction is governed by Ohms Law:
Where n-carrier concentration, with L being the film thickness and  -the carrier (hole) mobility. It is generally accepted that Ohmic conduction is due to the low intrinsic conductivity of the polymer. 18 The charge carrier conduction is increased with the increase of voltage up to a certain value called the transition voltage, V T, and above this V T the charge conduction is governed by Child's Law due to the space charge limited current (SCLC) conduction: Where  is the permittivity of the material which is taken to be 3.
In order to have an insight in to the mechanisms responsible for the improved dark conductivity of the P3HT:O-MWCNTs/PCBM devices and its relationship to the observed power law dependence, charge transport mechanisms in the polymer system are considered.
The main carrier transport mechanism for polymers occurs through the hopping of carriers between the localised electronic states of the polymer (P3HT). Localized states are present due to the defects in the structure and linkage of polymer chains, and these localized states trap most of the charge carriers.
19 Density of localized state in P3HT:O-MWCNTs composites within the energy band gap of the polymer determines the density of trapped carriers, and influence the effective conductivity of the polymer. It has been reported that the density of these localized states can be approximated by an exponential relationship. 20 The exponential model for trap density distribution was first proposed by Mark and Helfrich 21 where the trap density at energy level E within the energy band gap ( )) (E n can be approximated by the distribution: 
